Abstract
between them, is crucial for shape generation (Geitmann, 2010) and sustained PT 55 growth (McKenna et al., 2009) . A crucial player in PG germination and PT growth is 56 Ca 2+ , which regulates the dynamics of many cellular events including 57 exo/endocytosis (Steinhorst and Kudla, 2013) and cell wall rigidity (Hepler et al., 58 2013).
59
The growth of plant cells depends on the delicate coordination between extracellular of the cell wall to modulate their activity and/or convey signals into the cell (Ringli, 65 2010a; Wolf et al., 2012) . For instance, wall-associated kinases (WAKs) bind to 66 pectins in the cell wall and regulate osmotic pressure (Kohorn et al., 2006; Brutus et 67 al., 2010) . The receptor-like kinase THESEUS1 monitors changes in the cell wall 68 caused by a reduced cellulose content and induces secondary changes such as 69 lignin deposition (Hématy et al., 2007) . Some LRR-receptor proteins, such as FEI1
70
and FEI2, influence cell wall function and cellular growth properties by affecting cell 71 wall composition (Xu et al., 2008) . The further identification and characterization of 72 extracellular components that interact with and relay information to membrane 73 partners will serve to elucidate the complex network of signal integration and 74 transduction events that coordinate plant cell growth and morphogenesis.
75
Genome analyses in Arabidopsis has identified an eleven-membered family of 76 leucine-rich repeat extensin (LRX) genes specialized into two phylogenetic clades:
77 four "reproductive" (LRX8-11 also known as AtPEX1-4, expressed in pollen) and 78 seven "vegetative" (LRX1-7, expressed in vegetative tissue) LRX genes 79 (Baumberger et al., 2003a) . Henceforth, we use the gene symbols LRX8-LRX11 to 80 avoid confusion with Arabidopsis peroxin (AtPEX) genes involved in peroxisome 81 biogenesis (Distel et al., 1996) . LRXs are proteins containing a signal peptide, an N-82 terminal (NT) domain preceding a leucine-rich repeat (LRR) domain, which is joined 83 to a C-terminal extensin (EXT) domain by a cysteine-rich motif ( Figure 1A , Figure   84 S1A). For simplicity, the region from the start of the N-terminal domain to the end of 85 the cysteine-rich region is called the LRR as previously defined (Baumberger et al., 86 2001). The LRR domain is thought to bind an interaction partner, while the extensin 87 domain, which has the typical features of the extensin-class of structural 88 hydroxyproline-rich glycoproteins (HRGPs) (Baumberger et al., 2003a) , anchors the 89 protein in the cell wall (Baumberger et al., 2001; Ringli, 2010b) . LRX8-LRX11 share 90 a high similarity in the LRR domain, whereas the extensin domains are quite diverse
91
( Figure S2 ). While the function of the LRR domain is strongly sequence-dependent,
92
previous analyses have shown that the repetitive nature of the extensin domain is 93 important rather than the exact sequence per se (Baumberger et al., 2003b; Ringli, 94 2010b; Draeger et al., 2015) . LRX proteins have been shown to modulate lateral root 95 development (Lewis et al., 2013) , cell wall assembly, and cell growth in different 96 tissues (Baumberger et al., 2001; Baumberger et al., 2003b; Draeger et al., 2015) 97 which, based on their structure, was suggested to involve a regulatory and/or 98 signalling function (Ringli, 2005) . However, the nature of the interaction and the 99 candidate regulatory and/or signalling processes that involve LRX proteins remain 100 unknown.
101
To address these issues and the relevance of pollen- sequences 5' and 3' of the insertion sites was reduced in the lrx mutants by 30%-
127
80% and over 95%, respectively ( Figure S1B ). Considering the importance of the
128
LRR domain for LRX function (Baumberger et al., 2001; Ringli, 2010b) , truncated
129
LRX proteins with only parts of the LRR domain are very likely to be non-functional.
130
This assumption is supported by the recessive nature of the lrx8-11 mutations 131 observed in the analyses described below. Reduced seed set was observed in 132 various mutant combinations ( Figure 1B , Figure S1C ). Functional redundancy and 133 synergism between the LRX genes was revealed when multiple mutations were 134 combined. Reduced seed set was most severe in the quadruple mutant.
135
Complementation of double, triple, and quadruple mutants with the genomic copies 136 of LRX8 or LRX11 largely restored seed set ( Figure 1B ). Attempts to clone LRX9
137
and LRX10 failed, which excluded testing complementation with these two genes.
138
Reciprocal crosses revealed 100% transmission of the mutations through the female,
139
but not the male gametophyte (Table S1) (Krichevsky et al., 2007) . Very few PTs eventually grew through the papillar apoplast 161 into the ovary ( Figure 2B , Figure S3C ), thus accounting for the reduced seed set.
162
The bursting of lrx PGs prompted us to examine whether there were any visible type, the intine wall in lrx mutants was split into two by a band of electron-dense 166 material, which was absent in the wild type ( Figure S4 ). This data fits the previously
167
proposed role for an LRX-type protein in the maize pollen intine (Rubinstein et al., 168 1995 wild-type and lrx mutant PTs. We used, for the ER/Golgi-synthesized wall epitopes,
194
JIM20 against extensins (Smallwood et al., 1994), LM2 against arabinogalactan-195 proteins (AGPs) (Yates et al., 1996) , LM6 against the arabinan domain of 196 rhamnogalacturonan I (RG-I) (Willats et al., 1998), LM19 and LM20 against 197 unesterified and methyl-esterified homogalacturonan, respectively (Verhertbruggen 198 et al., 2009), LM15 against xyloglucan (Marcus et al., 2008) , and aniline blue to stain labelling was restricted to the shank ( Figure 4A ) as previously described (Dardelle et 221 al., 2010; Chebli et al., 2012) .
222
Given these changes in the cell wall structure of lrx mutants, we analyzed the less ER/Golgi-produced cell wall matrix material being deposited.
231
The lrx mutants show altered vesicle dynamics
232
We investigated whether the reduced abundance of ER/Golgi-synthesized cell wall synthesized wall components to the apex was likely unaffected in the lrx mutants.
241
Next, we used an established method to investigate exocytosis efficiency (Samalova 242 et al., 2006) . Wild-type and lrx8/9/11 plants were stably transformed with a its GFP fluorescence is poor due to the acidic pH (Samalova et al., 2006 oscillations (Pierson et al., 1996) were also similar in wild-type and mutant PTs. Citrine transgenic seedlings were isolated and tested for the presence of LRR4-
324
Citrine by Western blotting.
325
As shown in Figure 6E , LRR4-Citrine fusion protein was found in both fractions and wall structure (Cosgrove, 2015) balancing the turgor pressure. We used the cellular 342 force microscope (CFM) (Felekis et al., 2011; Vogler et al., 2013) in conjunction with in the mean turgor pressure in the lrx8/9 (P value < 0.0001) and lrx8/9/11 PTs (P 356 value < 0.03), as well as a significant increase in the mean cell wall stiffness of 357 lrx8/9/11 PTs (P value < 0.0001) (Figure 7 ). PGs and the callose layer near the plasma membrane (Rubinstein et al., 1995) .
413
Linker activity has been attributed to several transmembrane proteins. For instance,
414
WAKs interact with pectin in the cell wall (Brutus et al., 2010) NotI site of the binary plant transformation vector pBART (Gleave, 1992 into the NotI site of pBART.
507
The actin-binding GFP construct was kindly provided by Dr. Anna Nestorova
508
(University of Zurich).
509
Plant transformation and selection of transgenic plants was performed as described 510 previously (Baumberger et al., 2001) .
512
Quantitative RT-PCR
513
Open flowers of four independent plants per genotype were used for total RNA 514 extraction by the SV total RNA isolation system kit (Promega) and 300 ng of RNA 515 was reverse transcribed using the iScript advanced cDNA kit (BioRad). qRT-PCR 516 was performed on a CFX96TM real-time system (BioRad) with the Kapa Syber ® 
Alexander Staining

521
Flowers that had opened on that day were collected and incubated overnight in
522
Alexander staining solution (Alexander, 1969) , and cleared for 2 h in chloral hydrate 523 clearing solution containing 8g chloral hydrate, 3 ml glycerine, and 1 ml double 524 distilled water. The anthers were dissected and imaged under DIC using a Leica
525
DMR microscope equipped with a Zeiss Axiocam 105 colour camera. Tobacco infiltration with Agrobacteria (strain GV3103) containing the pBART-560 p35S::LRR11-Citrine construct was performed as described (Bourras et al., 2015) .
562
Membrane fraction isolation and Western blotting 563
Seedlings were grown on standard MS medium as described for ten days and centrifuged at 5,000g and 10,000g for 5 minutes each at 4°C to remove cell debris.
571
The supernatant was then centrifuged at 40,000 rpm for 1 hour at 4°C and the were detected by a Hamamatsu EM-CCD camera C-9100, and ratiometric analysis 600 was performed using MATLAB.
602
Transmission electron microscopy (TEM)
603
A detailed step-by-step description of the protocol used was described previously 
Cellular force microscopy (CFM)
613
CFM measurements of apparent stiffness were performed as described (Vogler et 614 al., 2013 The extraction of the mechanical properties is performed by fitting the force- its accompanying uncertainty analysis is identical to that described for other
629
Arabidopsis mutant PTs (manuscript in preparation).
630
Accession Numbers
631
LRX8: At3g19020; LRX9: At1g49490; LRX10: At2g15880; LRX11: At4g33970. Table S1 . Reciprocal crosses.
644 Table S2 . List of primers.
645
Movie S1: Bursting of lrx8/9/11 PGs. and lrx8/9 and lrx8/9/11 mutants. 
746
Compared to the wild type, turgor pressure (light grey box) is significantly increased 747 in the lrx8/9 and lrx8/9/11. The stiffness of the cell wall (dark grey box) is significantly 748 increased in the lrx8/9/11 mutant compared to the wild type, which is similar in lrx8/9.
749
Statistics: t-test, * = P < 0.03, ** = P < 0.0001, n≥50. In addition, the box plots show (B) Transmission electron micrographs of transverse sections through stigma/papilla surface, stigmatic papillae, and transmitting tract of the ovary. While wild-type PGs germinate and PTs grow, lrx8/9/11 mutant grains mostly burst, discharge their content into the stigmatic papillar matrix (spm), and shrink. Eventually, compared to the wild type, fewer lrx8/9/11 mutant PTs (some indicated by arrows) grow through the papillar
